C
ardiogenic shock (CS), the most severe form of acute heart failure, is characterized by lifethreatening end-organ hypoperfusion resulting from a low cardiac output state. 1 CS occurs in ≈5% to 7% of patients presenting with acute myocardial infarction (AMI) and is more common in patients with ST-segment-elevation MI (STEMI) than non-STEMI. 1 Although early revascularization of patients with AMI complicated by CS (AMICS) has improved survival, 2 inhospital mortality is reported to be high. [3] [4] [5] [6] [7] A notable European registry conducted between 2010 and 2012 identified AMICS as accounting for ≈80% of CS cases 8 ; however, this epidemiology has not been examined in a contemporary cohort in North America. Limited data suggest that clinical outcomes may be better in patients with CS not related to AMI, which is most commonly caused by severe chronic heart failure or severe valvular disease 8 ; nevertheless, this condition is reported to be highly morbid and mortal as well. 8, 9 Given the poor outcomes and substantial variation in clinical practice patterns, models for developing dedicated cardiac shock centers and streamlining systems of care have been proposed. 7, 10 There is also a need for better clinical phenotyping of the heterogeneous causes and presentations of CS with the aim of tailoring therapies to improve outcomes. 7, 11 Most clinical investigations of shock in cardiac intensive care units (CICUs) have focused on AMICS, and few studies have evaluated the full spectrum of shock admitted to contemporary CICUs. 8 Due to changes in preventive therapies and behaviors, and the shifting underlying pathophysiology of acute coronary syndromes, 12 the incidence of STEMI has declined over the past 2 decades. 13 Thus, it is uncertain whether the contemporary epidemiology of CS has evolved in parallel. Moreover, with a growing burden of noncoronary structural heart disease, related nonischemic causes of shock may be increasing. 14 The objective of this analysis was to investigate the epidemiology and clinical management of shock in contemporary tertiary care CICUs in a well-characterized cohort from a large, multi-institutional clinical registry.
METHODS

Study Population
The Critical Care Cardiology Trials Network (CCCTN) is an investigator-initiated collaborative research network of American Heart Association Level 1 CICUs 15 located in the United States and Canada. Scientific oversight of the CCCTN is conducted by its academic Executive and Steering Committees, and the data are coordinated by the TIMI Study Group (Boston, MA). For this analysis, between September 2017 and September 2018, each participating center (n=16) contributed a 2-month snap-shot of all consecutive medical admissions to the CICU. The CCCTN Registry protocol and waiver of informed consent were approved by the Institutional Review Board at Brigham and Women's Hospital and at each of the participating centers. No personal identifying health information is collected in the Registry database. We encourage parties interested in collaboration and data sharing to contact the corresponding author directly for discussion.
Clinical data were collected both prospectively and retrospectively through comprehensive clinical review of each patient and entered into a central electronic case record form. 16 Shock was defined by the presence of both sustained hemodynamic impairment (ie, systolic blood pressure <90 mm Hg or the need for inotropic or vasopressor support) and evidence of end-organ hypoperfusion (eg, altered mental status, oliguria, acute kidney injury, hepatic injury, metabolic acidosis, or elevated serum lactate [>2 mmol/L]) ascribed to the hypotension. The assessment was made by trained study staff and the site investigators based on the entirety of the medical record, including the managing clinician's diagnoses. All patients from the 2-month snap-shot meeting clinical criteria for shock (either as a presenting diagnosis or with onset during the CICU admission) were included in this analysis.
Shock Classification
For all patients with shock, the type of shock was classified by the site investigator as cardiogenic, distributive, hypovolemic, or mixed (Methods in the Data Supplement). To support consistent definitions, all study staff underwent training by the central CCCTN team. In addition, all case entries were individually reviewed by the Coordinating Center via automated consistency checks and manual review, and data were amended as necessary by the site. The mixed category included patients for whom >1 type of shock was determined to contribute (eg, both CS and distributive shock). Patients
WHAT IS KNOWN
• In past registries, the significant majority of shock in the cardiac intensive care unit was caused by acute myocardial infarction complicated by cardiogenic shock.
• Few studies have evaluated the full spectrum of shock patients admitted to contemporary cardiac intensive care units. 17, 18 and proximity to the median of our cohort. Absolute 95% CIs for mortality rates were calculated with a binomial method. In addition, we compared mortality rates adjusted for age, sex, and SOFA score using logistic regression with mortality as the outcome and shock categories as the independent variables. To account for potential misclassification as well as possible excess mortality associated with an initial cardiac arrest, we performed a sensitivity analysis restricted to patients who did not have a cardiac arrest before CICU admission.
WHAT THE STUDY ADDS
Among patients with CS, we performed a subgroup analysis comparing patients who received mechanical circulatory support (MCS) versus those who did not. MCS included intraaortic balloon pump counterpulsation, Impella percutaneous ventricular assist systems, TandemHeart percutaneous ventricular assist systems, and venoarterial extracorporeal membrane oxygenation. In addition, to eliminate potential misclassification related to absence of invasive hemodynamic data, we performed a sensitivity analysis restricted to patients who underwent right heart catheterization or had an indwelling pulmonary artery catheter. For this analysis, we analyzed CS and mixed shock separately.
Statistical significance was assessed at a nominal α level of 0.05. All reported P values were 2-sided. All statistical computations were performed with SAS System V9.4 (SAS Institute Inc, Cary, NC).
RESULTS
Shock Type
Among 3049 CICU admissions, 677 patients (22%) met clinical criteria for shock ( Figure 1 ). Shock type was varied, with 66% assessed as CS, 7% as distributive shock, 3% as hypovolemic shock, 20% as mixed shock, and 4% as unknown. In patients with CS (n=450), 30% had an acute coronary syndrome as a precipitant (59% STEMI, 41% non-STEMI), 18% had an ischemic cardiomyopathy without AMI, 28% had a nonischemic cardiomyopathy, 17% had an identified cardiac cause that was not primarily related to myocardial dysfunction (eg, incessant ventricular tachycardia, severe valve disease, etc), 7% had an unknown cause, and <1% had a missing cause ( Figure 1 ). Thus, overall, 20% of all shock in CCCTN CICUs was classified as AMICS. Fortyseven percent of CS patients were assessed as isolated left ventricular failure, 25% had biventricular failure, 9% had isolated right ventricular failure, and 19% had a cardiac cause that was not related to underlying myocardial dysfunction. Twenty-five percent of CS patients had cardiac arrest preceding their CICU admission. In a sensitivity analysis excluding patients with Figure 1 . Shock type. A, All patients meeting criteria for shock (n=677) were classified according to shock type. B, Patients with cardiogenic shock (n=450) were further divided according to the cause of cardiogenic shock. Patients with cardiogenic shock from an ischemic cause were categorized according to whether or not the shock presentation was precipitated by acute myocardial infarction (AMI). AMICS indicates acute myocardial infarction cardiogenic shock. preceding cardiac arrest, the distribution of shock types was unchanged (68% CS [of which 32% was AMICS] and 19% mixed type). In patients with mixed shock (n=132), 17% had AMI as a contributor and 26% had initial cardiac arrest.
Patient Characteristics
Baseline characteristics of patients in the largest shock categories-AMICS, CS not related to AMI, and mixed shock-are summarized in Table 1 (other shock categories are shown in Table I in the Data Supplement). Compared with patients in whom CS was not precipitated by AMI, AMICS patients had a significantly higher burden of atherosclerotic cardiovascular risk factors, including type 2 diabetes mellitus, hypertension, and active smoking (each P<0.01). By contrast, patients with CS not related to AMI had a significantly higher burden of preexisting heart failure (predominantly caused by reduced left ventricular ejection fraction), atrial and ventricular arrhythmias, pulmonary hypertension, and chronic kidney disease (each P<0.01). Patients with mixed shock had an overall burden of cardiovascular comorbidities similar to patients with AMICS and CS without AMI, including 45% with type 2 diabetes mellitus, 47% with coronary artery disease, and 55% with previous heart failure.
Median SOFA scores were higher in patients with mixed shock (median, 10; IQR, [8] [9] [10] [11] [12] [13] ), and elevated liver transaminases (range: 28%-48% with alanine aminotransferase or aspartate aminotransferase >3× the upper limit of normal). These biochemical derangements were most pronounced in patients with mixed shock (Table 2) .
Intensive Care Unit Resource Utilization
The median CICU stay was 4.0 days (IQR, 2.5-8.1 days) for patients with AMICS, 4.3 days (IQR, 2.1-8.5 days) for patients with CS not related to AMI, and 5.8 days (IQR, 2.9-10.0 days) for patients with mixed shock (Table 2) , compared with 1.9 days (IQR, 1.0-3.6) for CICU patients without shock (P<0.01 for each; Table II in the Data Supplement). Moreover, the median hospital stay was 8.3 days (IQR, 3.8-13.9) for patients with AMICS versus 11.9 days (IQR, 5.7-20.1) for patients with mixed shock (P<0.01). Patients with mixed shock had significantly higher rates of mechanical ventilation (66%) and renal replacement therapy (27%) than did patients with CS not related to AMI (45% and 14%, respectively; P<0.01 for both) and numerically higher rates than did patients with AMICS (60% and 17%, respectively; Table 2 ).
Approximately two-thirds of CS and mixed shock patients had some form of invasive monitoring, and approximately one-third of patients with CS and mixed shock had a pulmonary artery catheter. Nearly all patients with shock received vasoactive medications: AMICS (92%; median number of vasoactive medications = 1; IQR, 1-2), CS without AMI (93%; median number of vasoactive medications = 2; IQR, 1-2), and mixed shock (98%; median number of vasoactive medications = 2; IQR, 1-3). A substantially higher proportion of patients with AMICS received MCS (61%) compared with patients with CS not related to AMI (26%) or patients with mixed shock (23%; P<0.01 for each; Table 2 ).
In-Hospital Mortality by Shock Type
The in-hospital mortality rates were numerically highest in patients with mixed shock (39%; 95% CI, 31%-48%), followed by AMICS (36%; 95% CI, 28%-45%) and CS not related to AMI (31%; 95% CI, 26%-36%). When stratified by SOFA score as a metric of severity of illness, among patients with SOFA score ≥10, the in-hospital mortality rates were 65% (95% CI, 51%-78%), 61% (95% CI, 51%-70%), and 55% (95% CI, 43%-67%), for patients with AMICS, CS not related to AMI, and mixed shock, respectively. In patients with SOFA score <10, the rates were 18% (95% CI, 10%-28%), 16% (95% CI, 11%-22%), and 23% (95% CI, 14-35), respectively. In both unadjusted analysis and after adjusting for age, sex, and SOFA score, in-hospital mortality rates between mixed shock and CS categories were not statistically significant (Figure 2) .
In a sensitivity analysis excluding patients with initial cardiac arrest, the in-hospital mortality rates were 31% (95% CI, 22%-41%), 21% (95% CI, 16%-27%), and 37% (95% CI, 27%-47%) for patients with AMICS, CS not related to AMI, and mixed shock, respectively (Table  III in 
CS Patients Treated With MCS
In an analysis of all CS patients who were treated versus not treated with MCS, MCS patients had worse indices of illness severity, including higher SOFA scores, higher median lactate, and lower median arterial pH (P<0.01 for each; Table IV in the Data Supplement). Consistent with these findings, CS patients treated with MCS versus without MCS had higher in-hospital mortality rates (40%; 95% CI, 33%-48% versus 28%; 95% CI, 23%-33%), even after adjusting for differences in age, sex, and SOFA score (P<0.01; Table IVB in the Data Supplement).
Shock Patients With Invasive Hemodynamic Data
We performed sensitivity analyses excluding CS and mixed shock patients who did not undergo right heart catheterization or have an indwelling pulmonary artery catheter to eliminate potential misclassification related to not having invasive hemodynamic data. In these analyses, the median SOFA scores (CS: 7; IQR, 5-11 versus 8; IQR, 5-11; mixed shock: 9; IQR, 7-13 versus 10; IQR, 6-13) and other indicators of illness severity including degree of lactic acidosis, renal impairment, and liver injury were very similar to those from the overall cohort (Table V in the Data Supplement). Moreover, the in-hospital mortality rates were 30% (95% CI, 24%-37%) and 38% (95% CI, 25%-52%) in invasively confirmed patients with CS and mixed shock, respectively, consistent with the findings from the overall cohort (Table VB in the Data Supplement).
DISCUSSION
In this analysis of the contemporary epidemiology of shock within the CCCTN Registry, we found that shock type was varied, with one-fifth classified as AMICS, nearly one-half classified as CS not related to AMI, and one-fifth classified as mixed shock. Compared with patients with AMICS, patients with CS not related to AMI had a higher burden of preexisting heart failure, atrial and ventricular arrhythmias, pulmonary hypertension, and chronic kidney disease. Patients with mixed shock had the highest SOFA scores, driven by multisystem organ dysfunction, and highest intensive care unit (ICU) resource utilization rates. Despite the use of substantial ICU resources, more than one-third of patients with CS and mixed shock did not survive to hospital discharge. Although AMICS should remain a focal point for medical advances, CS not related to AMI and mixed shock are associated with high morbidity and mortality and warrant greater attention from clinical investigation.
Evolving Epidemiology of CS
Before the advent of medical and coronary revascularization therapies for treatment of AMI, in-hospital mortality rates from AMICS exceeded 80%. 19 The paradigm for treating AMICS changed following the land- Categorical variables are shown as percentages with counts in parentheses. Continuous variables are shown as medians with interquartile ranges (IQRs). Differences between patients in each group were evaluated using Pearson χ 2 test for categorical variables and Kruskal-Wallis test for continuous variables. For lactate, alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin, and INR, the worst values were the highest laboratory values; for arterial pH, estimated glomerular filtration rate (eGFR), and platelets, the worst values were the lowest laboratory values. AMI indicates acute myocardial infarction; AMICS, acute myocardial infarction with cardiogenic shock; AST, aspartate aminotransferase; CICU, cardiac intensive care unit; CS, cardiogenic shock; ICU, intensive care unit; INR, international normalized ratio; and SOFA, Sequential Organ Failure Assessment. mark SHOCK trial (Should We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock?) in which early revascularization reduced mortality at 6 and 12 months post-AMICS. 2 Indeed, in the decade following the widespread adoption of percutaneous coronary intervention, estimated mortality rates from AMICS significantly declined to ≈50%. 3, 4 Moreover, data from more contemporary cohorts suggest that outcomes after AMICS have continued to improve, with in-hospital mortality rates of 30% to 40%. 5, 6, 20 This trend in AMICS is reinforced by our contemporary multicenter assessment with an in-hospital AMICS mortality rate of 36%. Although these temporal trends are encouraging, the fact that 1 in 3 patients with AMICS does not survive to hospital discharge indicates that there are still significant opportunities to improve outcomes.
The results of our analysis also highlight another striking trend: in this contemporary cohort from tertiary care CICUs in North America, less than one-third of all CS cases were related to AMI. This evolution in epidemiology may be a consequence of several developments. First, although there are conflicting reports about whether the incidence of CS as a complication of AMI has been changing over time, 4, 5, 21 the overall incidence of STEMI is unequivocally declining. 13 Thus, the evolving epidemiology of acute coronary syndromes may be translating to a relative reduction in AMICS cases. Second, the prevalence of heart failure, including advanced (ie, stage C and D) heart failure, is increasing globally, in part because of improved treatment of patients with heart failure and AMI leading to longer survival from these diseases. 13 In our cohort, nearly two-thirds of patients with CS not related to AMI had preexisting heart failure, and a substantial number had sequelae of advanced heart disease (eg, atrial and ventricular arrhythmias, pulmonary hypertension, and chronic kidney disease). It is likely that many of these patients developed CS due to progression of their underlying cardiomyopathy. These data from the CCCTN indicate that the emergence of CS without AMI, first noted in an inclusive study of CS (n=216) within the Global Research on Acute Conditions Team network in Europe, 8 now carries an even larger contribution to contemporary shock care in North America.
To date, most clinical investigations of CS have focused on AMICS, in large part because the data are derived from clinical registries of patients with AMI. Consequently, there are limited data to guide clinical decision-making and additional research in patients with CS due to other causes. For example, patients with CS not related to AMI have generally been excluded from MCS trials, which may partly explain why a relatively smaller proportion of these patients were treated with MCS in our cohort (26% versus 61% in AMICS patients). Moreover, as patients with CS not related to AMI have distinct clinical features from patients with AMICS, extrapolating management approaches from one group to the other may be inappropriate. Given the changing clinical profile of CS patients in the CICU, future investigations of therapies and management approaches in patients with CS not related to AMI may be critical to improving outcomes from CS.
Mixed Shock
The results of our study also highlight another highrisk, understudied patient population, namely individuals with mixed shock. Although inconsistently defined, mixed shock has been described as vasodilatory CS, with a hemodynamic profile characterized by low car- Cardiac intensive care unit (CICU) and in-hospital mortality rates are summarized for patients with acute myocardial infarction cardiogenic shock (AMICS), cardiogenic shock without acute myocardial infarction (AMI), and mixed shock. Absolute binomial 95% CIs are shown. In-hospital mortality rates between mixed shock vs AMICS and mixed shock vs cardiogenic shock (CS) without AMI were not statistically different when adjusted for age, sex, and severity of illness (P=0.50 and P=0.87, respectively). diac output, elevated filling pressures, and inappropriately low systemic vascular resistance. 7 Although the classic paradigm of CS predicts a compensatory increase in systemic vascular resistance to maintain mean arterial pressure in the setting of a low cardiac output state, ancillary analyses from the SHOCK trial challenged this model. 22, 23 Specifically, investigators noted that systemic vascular resistance varied widely in patients with AMICS but was typically near-normal, and thus inappropriately low, in the context of use of vasopressors. 22, 23 Mechanistic studies helped to explain this observation by establishing that inducible nitric oxide synthase expression and cytokine cascades triggered by myocardial necrosis can produce a systemic inflammatory response that leads to systemic vasodilation in some patients with AMICS. 24, 25 Even in the absence of myocardial ischemia and necrosis, major systemic insults including end-organ injury from shock (eg, ischemic hepatopathy) can produce a similar vasodilatory response. Other factors may contribute to distributive physiology in CS patients as well. For example, ICU patients frequently receive vasodilatory medications (eg, sedatives) and are at increased risk for infection, both because of factors related to critical illness (eg, increased risk of aspiration) and factors related to ICU care (eg, invasive monitoring). In other cases, mixed shock evolves in the opposite direction. For instance, distributive physiology can lead to coronary hypoperfusion and consequent myocardial depression or decompensation in patients with preexisting cardiomyopathy, which can produce the hemodynamic profile of mixed shock.
The results of our analysis highlight several important clinical features of mixed shock patients in contemporary CICUs. First, patients with mixed shock tended to have comorbidity profiles similar to patients with CS, including a high prevalence of baseline myocardial dysfunction and heart failure. Second, they tended to be the sickest patients among the shock categories, with the highest SOFA scores (median, 10; IQR, [8] [9] [10] [11] [12] [13] ) and the highest rates of advanced ICU therapies including mechanical ventilation and renal replacement therapy. Finally, their outcomes were quite poor, with in-hospital mortality rates at least as high as patients with pure CS. Considering these observations, efforts to better phenotype these patients and develop evidence-based therapies specifically targeted at this population may be critical to reducing overall mortality from shock.
Strengths and Limitations
This analysis has several important strengths compared with other epidemiological investigations of shock. First, our study population was derived from a well-characterized clinical registry of all consecutive medical CICU patients, which allowed us to comprehensively profile the clinical characteristics of these shock patients with greater fidelity than is typical for large public administrative databases. Second, by virtue of the multicenter participation and consecutive enrollment, these data provide a broader view of shock patients treated in tertiary care medical centers than do studies focused on subsets of shock patients in disease-specific or devicespecific registries. Finally, all patients in this analysis were treated for shock during a 1-year window from September 2017 to September 2018. Thus, these data offer a contemporary view of this population.
Several limitations of this analysis should be acknowledged as well. First, as a registry of routine practice, measurement of lactate was not required, nor was the timing mandated when measured. Therefore, even the worst reported lactates may have been obtained at a time when the patient was adequately supported hemodynamically rather than at the time of shock onset. Future study of the assessment of lactate in CICUs may provide insight into the timeliness of evaluation of this biomarker for emerging shock. Second, invasive hemodynamic assessment was not mandated and detailed hemodynamic data were not captured in the CCCTN registry, so we were unable to directly analyze the complete hemodynamic profiles of patients admitted to the CICU with shock. This limitation is especially relevant to patients with CS because some definitions of CS used in clinical trials (eg, the SHOCK trial) are based on invasive hemodynamic criteria. Mitigating this limitation, in a sensitivity analysis excluding patients without invasive hemodynamic data (52% of CS patients and 58% of mixed shock patients), the clinical characteristics, management patterns, and outcomes remained largely unchanged, suggesting that there was no meaningful misclassification bias in patients who did not have an invasive hemodynamic assessment. Third, although all case entries were individually reviewed by the Coordinating Center, the clinical characteristics and outcomes of shock patients included in this analysis were not formally adjudicated. Finally, as the patients in our cohort were treated in predominantly urban, tertiary care medical centers, these data may not reflect the clinical characteristics of patients treated in smaller community hospitals. Nonetheless, they are relevant to those centers aspiring to be shock referral centers.
Conclusions
The epidemiology of shock patients treated in contemporary CICUs is evolving. Whereas AMI leading to severe left ventricular dysfunction has previously dominated the causes of CS, AMICS now represents less than onethird of all CS cases represented in these tertiary CICUs. In addition, mixed shock patients, who have outcomes at least as poor as CS patients, constitute a significant proportion of shock patients treated in the CICU. Despite novel technologies for treating shock patients, mortality in CS and mixed shock remains high. In addition to ongo-ing research in AMICS, future investigations of therapies and management approaches in patients with CS not related to AMI and mixed shock will be critical to improving overall outcomes from shock treated in the CICU.
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